The chronic ingestion of raw or undercooked kidney beans (Phaseolus vulgaris L.) is involved in the pathogenesis of multiple organ dysfunction; the underlying mechanisms are still poorly understood. The objective of this study was to assess the gavage effects of a raw Beldia bean variety on the brush border disaccharidase activities in the jejunal mucosa of Wistar rats. Twenty young adult male rats were randomly assigned into 2 groups of 10 rats each: Control, rats were gavaged with 300 mg of a rodent pellet flour suspension (RPFS); Experimental, rats were orogastrically fed a dose of 300 mg Beldia bean flour suspension (BBFS). Prior to determining the disaccharidase activity by Dahlqvist method, the blood and stool specimens were collected on day 10. The sera and feces were screened for the presence of lectins by serologic and hemagglutination assays. The results showed that the brush border maltase and sucrase activities were significantly diminished but lactase activity did not undergo any change in BBFS-gavaged animals as compared with control. Preliminary immunobiochemical assays revealed the absence of lectins in the systemic circulation and feces of rats, but further work is required to prove this. Overall, the dietary administration of BBFS caused depression of the activity of the small intestinal enzymes maltase and sucrase.
Introduction
It is well established that the incorporation of raw kidney bean (Phaseolus vulgaris L.) in animal diets reduces food intake, depresses growth, and may cause death [1] [2] [3] [4] . Similarly, improperly-prepared beans are known to be toxic for human beings [5, 6] . Earlier, toxic effects were also shown to occur in insects [7] , birds [8] , and also ruminants [9] .
This was attributed to the presence in the seeds of potentially bioactive compounds usually referred as phytohemagglutinins (PHAs); known also as Phaseolus vulgaris lectins. PHAs are carbohydrate-binding proteins and can interact with most differentiated mammalian cells which express membrane glycoconjugates containing complex oligosaccharide chains. They have been reported from different species of kidney beans and have been found to be responsible for most of the toxicological manifestations. Among beans varieties, red kidney beans and white kidney beans (i.e., also known as cannellini) in particular are rich in phytohemagglutinins [10] .
PHA is resistant to breakdown by both digestive enzymes and bacteria in the consumer's gut and therefore most phytohemagglutinins survive, at least in part, the passage through the digestive tract in immunologically and functionally intact form. This allows the PHAs to bind specifically to the glycoconjugates located on the luminal surface of the gut and to partially endocytose into the circulation system [11] . Once bound to digestive tract, P. vulgaris lectin can cause dramatic changes in the cellular morphology and metabolism of the small intestine and activate a cascade of signals which alters the intermediary metabolism. Thus, PHAs may induce changes in some, or all, of the digestive, absorptive, protective or secretory functions of the digestive system and affect cellular proliferation and turnover [12] [13] [14] . It has been demonstrated that high intakes of PHA can seriously damage the intestinal wall, result in an overgrowth of coliform bacteria in the gut lumen [15] , and can significantly affect the internal organs, such as the small intestine, pancreas, liver, and thymus [16] . It is also evident that PHA can affect the immune system since a powerful humoral anti-lectin IgG-antibody response has been shown to occur after inclusion of the lectin in the diet [17] .
Considering the vast and varied biological activities that phytohemagglutinins can cause, it is surprising that there exists a paucity of studies related to the nutritional implications of dietary lectins in Tunisia. The reasons for the experimental gap are unclear, in part, be due to a lack of awareness within the health and medical communities of which variety of beans in our diet contain lectin activity and the extent of exposure.
Incidents of foodborne illness associated with undercooked red kidney beans have been reported in Canada [18] , Australia [19] , and in the United Kingdom [6] . Recently, the importation of dry red kidney beans (a variety of the species Phaseolus vulgaris L.) for cultivation or consumption in South Africa is prohibited because of their potential toxicity to humans [20] . It has been established that the hemagglutinating lectins (e.g., phytohemagglutinin, PHA) in kidney beans are responsible for this toxicity [20] .
Illness is usually related to the ingestion of raw (e.g., fresh, soaked, or sprouted form as a part of salad), flour (e.g., porridge for infant food), or little processed (e.g., steamed or prepared in dehydrators, slow cookers, or crockpots) beans [ [26] , [21] [22] [23] [24] [25] . Symptoms generally appear within 1-3 h after consumption of improperly prepared beans. Onset is usually marked by extreme nausea, followed by vomiting and diarrhea. Some individuals also report abdominal pain. Those affected rarely require hospitalization or treatment, and adverse symptoms generally subside within a short period of time. Outbreaks of poisoning have been associated with cooking kidney beans in slow cookers. However, it is important to note that PHA can be deactivated by boiling beans for 10 min at 100°C and the U.S. Food and Drug Administration recommends an initial soak of at least 5 h in water which should then be discarded. If the beans are cooked at a temperature below boiling (i.e., without a preliminary boil), as in a slow cooker, the toxic effect of hemagglutinin is increased. It was therefore found that beans cooked at 80°C are five times as toxic as raw beans. In studies of casseroles cooked in slow cookers, internal temperatures often did not exceed 75°C [26] .
In Tunisia, dry bean production has rallied since 2011, reaching 170 tons in 2013 [27] . According to the National Agricultural Research Institute of Tunisia (INRAT, Tunis, Tunisia), Twila, Coco, and Beldia beans are, by far, the most commonly consumed white dry varieties. Bean consumption may be on the upswing due to increased public recognition of possible health benefits of beans and to increase in Tunisian population.
To ensure the beans safety, Tunisia government ordered that a Food Toxicology Department be set up in order to coordinate the work concerning beans safety and take effective measures to ensure beans safety for consumers. At the present, this food safety department composed of the Department of Animal Resources, Fisheries, and Food Technology, National Institute of Agronomy of Tunisia, and the Intestinal Immunophysiology-Research Unit, Faculty of Medicine of Tunis has started the work and commenced the supervision in an allround way, and has subjected the phytohemagglutinin (PHA), present in white dry beans, to an extensive investigation in the fields of hematology, cytology, immunology, biotechnology, microbiology, and clinical use.
In a preliminary study, the phytohemagglutinin present in white kidney beans (Phaseolus vulgaris L.) variety Beldia, frequently consumed by Tunisian population (INRAT, Tunis, Tunisia), was characterized and some of its properties were described [28] . Biochemical and immunological evidence indicated that raw Beldia seeds contain elevated levels of bioactive lectins, approximately 9.20 g/kg [28] . The raw Beldia beans demonstrated when orally administered to growing rats for 10 days at dose of 300 mg induced substantial modification of the morphology and physiological functions of the small intestine (i.e., disruption of absorption process) [29] . Furthermore, serological data revealed effectively the presence of biologically active PHA in the rat jejunal lumen, 3 h and 30 min after oral challenge with 300 mg of Beldia bean flour suspension [30] .
Kidney bean poisoning is known to affect animals as well as human beings. The mechanisms proposed for the toxicity of ingested Phaseolus vulgaris lectins always call for more answers. Therefore, this work was undertaken to highlight the impact of a raw Beldia variety gavage on the disaccharidases activities in the jejunal brush border of Wistar rats and to fill the gaps that exist currently.
Materials and methods

Plant material
The common white beans (Phaseolus vulgaris L. var. Beldia) were purchased in August 2016 from a local market in Ariana city, Tunis, Tunisia. The seeds were free of dust, foreign material, and broken and small kernels. The authentication of plant material was performed by the Department of Botany, National Agricultural Research Institute of Tunisia (INRAT), Ariana, Tunis, Tunisia. Bean seeds were aseptically ground using a mortar and pestle, and then passed through a U.S. No. 200 sieve. The powder was packed, sealed in polyethylene bags, and stored in a cold room at 4°C until use.
Extraction of seed proteins
The extraction of proteins from seed flour was done following the method of Itoh et al. [31] with slight modifications. Briefly, one hundred grams (100 g) of white kidney beans (Phaseolus vulgaris L., var. Beldia) were soaked overnight in 1 L of distilled water at room temperature (ca. 25°C), which will help in softening them. These soften seeds then crushed with Tris-NaCl (Tris-HCl 50 mM, 50 mM NaCl, at pH 8 and 4°C) in a mortar and pestle. The prepared mixture then centrifuged at 3500 rpm at 4°C for 30 min and filtered through Whatman No. 1 filter paper. Finally, the liquid supernatant (i.e., referred to as the total crude extract) was precipitated using ammonium sulfate. The protein fractions were collected by centrifugation at 3500 rpm for 30 min and stored frozen in aliquots.
Protein concentration determination
Protein concentration in the white Beldia bean extracts was determined following the Bradford method [32] using BSA (i.e., bovine serum albumin) as a standard. Absorbance was measured at 280 nm. Lectin specific activities were expressed as titer over milligrams of protein as hemagglutination units (HU) per mg of protein.
Animals, diets, and management
Twenty (20) young Wistar male rats (Rattus norvegicus albinus), weighting 60-80 g were initially acclimatized for 7 days, were used in this study. Rattus albinus were purchased from the Pasteur Institute of Tunis, Tunis, Tunisia, kept singly in polypropylene cages on chopped aspen wood bedding, and maintained in a well-ventilated, thermostatically controlled room (25 ± 1.4°C) with 12:12 h light-dark cycle. They were fed with standard pellet diet from Cereal Office, Tunis, Tunisia, and water ad libitum. The proximate composition of the daily feed offered to rats was determined by the Food Technology Service (STA), National Institute of Nutrition and Food Technology (INNTA), Tunis, Tunisia, according to AOAC [33] 
Collection of blood samples
At the end of the experiment (i.e., day 10), the rats were anaesthetized by diethyl ether (PARAPHARM, Athens, Greece) prior to sacrifice by exsanguination. The abdomen and thorax were then opened immediately and blood (0.5-1.0 mL) was collected via cardiac puncture using sterile syringes and needles and emptied into plain tubes, allowed to clot for about 2 h. The clotted blood was thereafter centrifuged at 3500 rpm for 30 min to recover serum from clotted blood. Serum was separated with sterile syringes and needles and stored at −70°C until used.
Collection of fecal samples
The fecal materials collected from rats fed with raw Beldia beans were screened for the presence of lectins by hemagglutination assay, Ouchterlony double diffusion, immunoelectrophoresis, counterimmunoelectrophoresis, and CI-ELISA techniques. On day ten and after 3 h of gavage with BBFS, the feces were collected and 1 g (wet weight) was dissolved in 10 mL of physiological saline solution (0.9% NaCl). After vigorous shaking by a vortex for 5 min, the resulting mixture was filtered through cheese cloth and centrifuged at 1400 rpm for 30 min at 4°C to remove the feces debris. The clarified extract was immediately subjected to immunobiochemical analyses.
Hemagglutination assay (HA)
The main objective of hemagglutination study was to determine whether the fecal extracts and sera of BBFS-fed rats contain the P. vulgaris lectins on day 10. In a 96-well microtiter U-plate (Greiner BioOne, Monroe, North California, USA), a serial 2-fold dilution of the test sample (50 μL; crude Beldia bean extract (CBBE, 100 mg/mL), fecal extract (100 mg/mL), and sera) in phosphate-buffered saline (PBS) (pH 7.2) was performed. A 2% A red blood cell suspension (50 μL) (Blood banks, Hospital Charles Nicolle, Tunis, Tunisia) in PBS was added to the sample. The mixture was gently shaken and then incubated at room temperature (ca. 25°C) for 1 h until the red blood cells in the blank (PBS, negative control, no protein sample) had fully sedimented and appeared as a red spot at the bottom of the well. Presence of red-carpet layer in the wells indicated hemagglutination activity. Positive wells containing only purified PHA (1 mg/mL, Sigma-Aldrich, Lesquin, France; equivalent to 0.92 mg/mL of PHA obtained from mixing of 300 mg Beldia flour beans with 3 mL distilled water) and red cells were always included. One hemagglutination unit (hemagglutination titer, HU) is the reciprocal of the highest dilution of the lectin sample inducing hemagglutination. Specific activity is the number of hemagglutination units (HU) per mg protein [36] . The hemagglutination was assessed visually and microscopically. The assay was reproducible to ± 1 dilution. Values given in this investigation are the means from three separate measurements.
Production of rabbit anti-PHA antibodies
Antisera to PHA were raised in rabbits as previously described [37] . Young adult male New Zealand White (NZW, n = 6) rabbits (Pasteur Institute of Tunis, Tunis, Tunisia), each weighting 3-4 kg, were used in this study, which was approved by the Faculty of Medicine of Tunis Animal Care Committee and followed the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). The rabbits were housed individually in stainlesssteel hanging cages in a single room. They had free access to high-fiber rabbit chow (Cereal Office, Tunis, Tunisia) and municipal tap water. The room was maintained at 18-21°C, at 40-60% relative humidity, and 14:10 h light: dark cycle. The phytohemagglutinin-P (PHA-P) was purchased from Sigma-Aldrich, Lesquin, France. Experimental rabbits (n = 3) were injected subcutaneously in five sites on their back at 1st, 10th, 15th, and 30th days with 1 mL of an emulsion composed of 100 μL of PHA solution (1 mg/mL; 100 μg PHA), 500 μL complete Freund's adjuvant (CFA, Merck), and 400 μL distilled water. Control rabbits (n = 3) received the same emulsion but without PHA. The production of antibodies and an increase in their titer were assessed using ELISA, Ouchterlony double immunodiffusion, and electrophoresis techniques by taking blood samples from the marginal vessels of rabbit's ear on 35th day. The blood was collected in sterile centrifuge tubes and was allowed to stand for 2 h at room temperature (ca. 25°C) for clot formation to occur. After storage overnight in a refrigerator to permit clot retraction, the serum was separated by centrifugation at 3500 rpm for 30 min. Serum was stored at −20°C by adding 0.1% sodium azide (Merck).
Ouchterlony double immunodiffusion (ODI)
To screen for the presence or absence of lectins in the sera and feces of experimental rats, the radial double immunodiffusion was carried out as previously described by Ouchterlony [38] , with slight modifications. Briefly, a 1.5% agarose (Bio-Rad, Marnes-la-Coquette, France) solution in veronal buffer (0.02 M, pH 8.6) was poured onto clean microscope slides. After gel solidification, cylindrical wells 5 mm in diameter were cut with a 7-well cutter (Gel Punch, E-C Apparatus Corp; Savant Instruments, Inc., New York, USA). The wells were filled with samples (e.g., rabbit anti-PHA serum (10 μL, neat), purified PHA (10 μL, 1 mg/mL, Sigma-Aldrich, Lesquin, France), crude Beldia bean extract (CBBE, 10 μL, 100 mg/mL), sera (10 μL, neat), and fecal extracts (10 μL, 100 mg/mL) of rats) and the slides were incubated in a wet chamber at 24°C for 24 h. The slides were then washed out by two changes in 0.9% NaCl and two changes in distilled water. The slides were stained for 3 min with 0.5% (w/v) Coomassie Brilliant Blue R 250 (Merck, Darmstadt, Germany) in a mixture of ethanol, acetic acid, and distilled water (4:1:5, v/v/v). Excess stain was washed out by repeated changes in the same mixture (4:1:5, v/v/v). The ODI experiments were repeated three times and with different dilutions of samples to avoid false results and to assure accuracy, reliability, and reproducibility.
Immunoelectrophoresis (IEP)
Immunoelectrophoresis (IEP) was performed in veronal buffer (pH 8.6, ionic force μ = 0.05) with 1.5% agarose on microscope glass slides (7.5 cm × 2.5 cm) according to the method of Scheidegger [39] . For this type of electrophoresis, the troughs were 1.3 mm wide and 18-gauge needle connected with a syringe for suction was used to create wells in the gel on the slide. A prerun of 30 min was given and after that the wells were loaded with the purified PHA (10 μL, 1 mg/mL, SigmaAldrich, Lesquin, France), CBBE (10 μL, 100 mg/mL) or the rat biological fluids (e.g. fecal extract (10 μL, 100 mg/mL) and sera (10 μL, neat)). After loading, the slide was placed in the Buchler electrophoresis chamber and the process was started at 400 V constant current for 50 min (panel meter), about 1 mA per slide at room temperature (ca. 25°C) along with Whatman 3MM paper wicks. Then, the trough was separated by cutting and they were filled with rabbit anti-PHA immunoserum (10 μL, neat), and then the slides were incubated at 36°C in a humid chamber for 20 h. Precipitation can be observed by using a down-up highlight source. Washing was given to the troughs with 0.9% PBS for 20 h and with distilled water for 3 h. After washing, the slides were dried in the incubator at 37°C and then stained. Staining was applied with 0.1% (0.1 g/100 mL) amido black (i.e., mixture of 45% methanol and 10% acetic acid). All the IEP experiments were performed three times to ensure reproducibility and with different dilutions of specimens to assure accuracy and reliability of results.
Counterimmunoelectrophoresis (CIE)
All stool and serum specimens from BBFS-gavaged rats were screened for the presence of Phaseolus vulgaris agglutinins using the modified method of Mackenzie and Philpot [40] . In this test, the glass slides (2.5 cm × 7.5 cm) were coated to a depth 1.5 mm with 3 mL 1% Agarose GP 60 dissolved in veronal buffer (pH 8.6, ionic strength μ = 0.05). Wells of 4 mm diameter, set 2 mm apart, were cut in the gel. Neat rabbit immunoserum and antigen solutions (e.g., purified PHA, 1 mg/mL, Sigma-Aldrich, Lesquin, France; CBBE, 100 mg/mL; rat fecal extract, 100 mg/mL; neat rat serum), twenty microliters (20 μL) each were added into the wells on two opposite side, at anode and at cathode, respectively. Veronal buffer (pH 8.6, ionic strength μ = 0.05) was used as a reservoir buffer for the electrophoresis procedure. Continuous supply of current was provided for 30 min at 5 V/cm. The slides were washed for 2 days in 0.9% saline water and then dried, and later stained with Coomassie brilliant blue R. For destaining process, again the slide was washed with distilled water and then with 7% acetic acid. To assure accuracy, reliability, and reproducibility of results, the CIE experiments were replicated at least three times and were performed with different dilutions of samples.
Competitive inhibition enzyme-linked immunosorbent assays (CI-ELISA)
Competitive Inhibition ELISA (CI-ELISA) with little modification in the protocol presented by Hajós et al. [41] was implemented for the detecting the presence of PHAs in feces and sera of BBFS-challenged rats on day 10. Microtitration polystyrene plates were used for performing ELISAs (MaxiSorp, Nunc., Denmark). Briefly, the microtiter plates were sensitized with 100 μL (1 mg/mL protein concentration) of Phaseolus vulgaris agglutinins (purified PHA, Sigma-Aldrich, Lesquin, France) in 0.01 M PBS (phosphate-buffered saline, pH 7.2) overnight at 4°C. The plates were then washed four times with 0.5% Tween 20 in PBS (PBS-T). Remaining plastic reactive sites were blocked by incubation (2 h, 37°C) with 100 μL of bovine serum albumin (BSA) diluted at 3% with PBS and washed with PBS-T. Afterwards, each well was filled with 50 μL of rabbit anti-PHA serum diluted to 1:1500 and 50 μL of inhibitor (e.g., feces extract or serum), incubated at 37°C for 1 h, and washed six times with PBS-T. One hundred microliters (100 μL) of peroxidase conjugated goat anti-rabbit IgG (Sigma-Aldrich, Lesquin, France) diluted 1:500 in PBS was loaded and incubated for a further 1 h at 37°C. Upon removal of the soluble secondary antibody, the plates were washed twice with PBS-T and twice with PBS. The reaction was revealed in the dark at room temperature (ca. 25°C) for 10 min by addition of 100 μL of o-phenylenediamine (Sigma-Aldrich, Lesquin, France) dissolved to a concentration of 0.4 mg/mL in 0.1 M citric acid phosphate buffer (pH 5.0) containing 0.0120% H 2 O 2 . Then, for stopping the reaction, 50 μL 2 N H 2 SO 4 was added to the plate. Finally, the absorbance at 492 nm of the resulting solution was measured by an ELISA microplate reader (Axia Microreader, Biomérieux, France). For better validation of results, the samples were analyzed in triplicates and the mean of the three values was considered as result. The inhibition percentage in competitive ELISA was calculated using the following formula: 
OD inhibitor(i = x) , absorbance measured at μg/mL inhibitor concentration.
OD inhibitor(i = 0) , absorbance measured at zero inhibitor concentration.
2.13. Assay of jejunal mucosal disaccharidase activities 2.13.1. Sample preparation At the end of the experimental period (i.e., 10 days), the rats were starved for 15 h, and then anaesthetized with halothane. A 20 cm proximal jejunum loop was removed and rinsed with ice-cold Ringer's solution. The intestinal segment was opened longitudinally on an iceglass plate and the mucosa was then scraped off completely with a piece of glass slide in a uniform fashion. The scrapings were immediately dropped into liquid nitrogen and frozen at −80°C until analyzed for disaccharidase activities and protein content.
Analysis of samples and calculation of results
Disaccharidase activities were determined by the modified method of Dahlqvist [42] , using a substrate concentration of 28 mM. Briefly, the principle of this method is the following: an intestinal homogenate is incubated with the appropriate disaccharide. The disaccharidase activity is then interrupted by the addition of Tris, and the glucose liberated is measured with a glucose-oxidase peroxidase reagent. The mean weight of the mucosa was approximately 4 mg. Tissue dispersion was carried out by a Potter-Elvehjem homogenizer with a Teflon pestle (Bioblock Scientific, Illkirch-Graffenstaden, France) for 2-3 min under ice-cold conditions. This mucosal homogenate was diluted with cold distilled water to a final volume of 0.5 mL. For disaccharidase assays, 100 μL of homogenate was taken to determine lactase activity. Measurements of maltase and sucrase activities were performed by dilution of 20 μL of homogenate to 1:21 to obtain maltase activity and to 1:3 to get access to the sucrase activity. Thereafter, 25 μL of samples were mixed by vortexing and incubated with substrate-buffer solution containing 25 μL lactose, 25 μL maltose, and 25 μL sucrose at 37°C for 60 min. The reaction was stopped by adding Tris-glucose oxidase reagent, mixed and incubated at 37°C again for 1 h for development of color. The blanks were a mixture of diluted mucosal homogenate, Trisglucose oxidase reagent and substrate-buffer solution, in the order mentioned, and incubated at 37°C for 1 h. Standards were a series of glucose solutions. Samples, blanks, and standards were all read at the wavelength 450 nm on a Multiscan spectrophotometer. All assays were performed in duplicate and results represent the mean of two determinations.
The amount of glucose formed (μg) (i.e., sample minus blank) was determined from the standard curve of glucose. Thus, the activities can be calculated as follows:
Where μg of glucose = amount of glucose (μg) liberated in 60 min (sample-blank); F = dilution factor of the homogenate; 180 = molecular weight of the glucose; 60 = incubation time in min; N = number of molecules of glucose liberated by hydrolysis in each sugar. (The specific activities of disaccharidases were expressed as μmoles of substrate hydrolyzed per minute per mg of protein or per mg of mucosa, at 37°C; one unit of enzymatic activity (U) hydrolyzed 1 μmoL of disaccharide per minute at 37°C). Protein content was determined by the method of Lowry et al. [43] .
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The standard curves were made with freshly dissolved bovine serum albumin (BSA). Thus, the specific disaccharidase activity was calculated as follows: 
Statistical analysis
Results are expressed as means ± SEM. Student's t-test was used to determine the significance of the differences between the means of the values obtained from the experiment rat group and those obtained from the control rat group. Statistical significance was established at P < 0.05.
Results
Hemagglutination activity (HA)
The collected from experimental rats on day 10, are portrayed in Fig. 1 .
Results of agglutination test obviously indicate that none of fecal and serum dilutions showed reactivity towards the red blood cells (10 out of 10 cases). Whilst, these latter, were clumped by the purified PHA (Sigma-Aldrich, Lesquin, France) and the crude Beldia bean extract (CBBE). The data outlined in Table 1 indicates that the soluble protein content and specific activity of the CBBE were 1.5 mg/mL and 170.66 HU/mg protein, respectively. For the purified P. vulgaris lectin, the values were 1 mg/mL and 512 HU/mg protein, respectively. Fig. 2 pinpoints a typical gel diffusion experiments in which the neat rabbit anti-PHA serum (RAPS) was challenged against different preparations of purified PHA, crude Beldia bean extract (CBBE), neat sera, and fecal extracts obtained from control and experimental rats (CRS, ERS, FECR, and FEER, respectively). As can be seen, the commercially available phytohemagglutinins derived from red kidney beans Phaseolus vulgaris L. and the crude Beldia bean extract (CBBE) yielded precipitation lines with the rabbit anti-PHA serum (RAPS) (slides A, B, and C/ Fig. 2) . This cross-reaction indicates the presence of identical antigenic determinants in the reactant under study (PHAs). However, no precipitin lines were encountered in the sera and stool extracts (10 out of 10 cases).
Ouchterlony double immunodiffusion (ODI)
Immunoelectrophoresis (IEP)
As evident from Fig. 3 , a reaction of identity in the immunoelectrophoresis test was demonstrated by the occurrence of a single continuous precipitin arc between the rabbit serum and the commercial purified PHA (i.e., homogeneity of the antiserum to the antigen). The same results were observed with the CBBE. There were no reactions with the serum of BBFS-gavaged rats (10 out of 10 cases). These results indicate that the anti-PHA antibodies have been successfully produced in the PHA-immunized rabbits after the booster injection, but no or with a very low concentration in the BBFS-challenged animals. Furthermore, the feces extract failed to exhibit any cross-reactivity on immunoelectrophoresis with the anti-PHA serum (10 out of 10 cases), suggesting thereby the absence of lectins in the raw Beldia fed-rats' stools. The results of the IEP studies were confirmed in ODI tests. Fig. 4 shows the precipitin lines of identity observed immediately after electrophoresis for 30 min between the rabbits' immunosera and the purified PHA or the CBBE. No precipitin arcs were detected between BBFS-gavaged rats' sera and the purified PHA (10 out of 10 cases). In the same way, none of the fecal extracts developed precipitin lines in CIE against the anti-PHA rabbit immunosera (10 out of 10 cases). This reflects the existence of an antigenic determinant (phytohemagglutinin, PHA) in the CBBE and its absence in the BBFS-challenged rats' sera and Fig. 1 . Hemagglutination assays of fecal extracts (100 mg/mL) and sera obtained from experimental rats on day 10, 3 h after their gavage with Beldia bean flour suspension (BBFS), and the crude Beldia bean extract (CBBE, 100 mg/mL). Purified PHA (1 mg/mL) from Sigma-Aldrich, Lesquin, France, was used as the positive control. Phosphate-buffered saline (PBS) was used as the negative control. Each well of the microtiter U-plate contained 50 μL of sample or its dilution and 50 μL of 2% suspension of human A erythrocytes. The agglutinated red blood cells (RBCs) form a carpet that covers the whole well; where no agglutination occurs, RBCs form a button at the bottom of the well. Picture was taken 2 h after incubation at room temperature (ca. 25°C). [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] feces. The results of CIE are in consonance with those of HA, IEP, and ODI.
Counterimmunoelectrophoresis (CIE)
Competitive inhibition enzyme-linked immunosorbent assay (CI-ELISA)
The CI-ELISA on microtiter plates coated with purified PHA against rabbit anti-Phaseolus vulgaris agglutinin as the primary antibody and different inhibitors (e.g., fecal extracts or sera of rats) indicated intriguing findings. The sera with titers 1:1, 1:2, and 1:4, from BBFSgavaged rats inhibited significantly the rabbit anti-PHA antibodies binding to the purified PHA by 23.98% (P < .05), 12.99% (P < .05), and 6% (P < .05), respectively; indicating a very weak systemic immune response (possibly involving IgG) on day 10. On the other hand, the pool fecal extracts (titers 1:1, 1:2, and 1:4) did not produce any significant inhibition (P > .05). The percentage inhibition values were less than 5%. Together, these data strongly suggest the presence of anti-PHA antibodies or PHAs in the sera of BBFS-fed rats and their absence in the stools. On the basis of hemagglutination and cross-reaction studies (e.g., Ouchterlony immunodiffusion, immunoelectrophoresis, and counterimmunoelectrophoresis), it can be argued that the inhibition observed on CI-ELISA with rats' sera was presumably caused by the anti-PHA antibodies and not by the PHAs. Table 2 reports the data for specific activity (U/mg of protein; U/mg of mucosa) of jejunum brush border disaccharidases after daily gavage of rats with RPFS (control group) and with BBFS (experimental group) for a period of 10 days. BBFS treatment resulted in a highly significant decrease in maltase and sucrase activities as compared with control values (P < .05). However, for lactase activity, a fairly decrease was recorded, which was not statistically significant (P > .05). It seems that lactase was less susceptible than sucrase and maltase to the adverse effect of raw Beldia bean variety.
Brush border disaccharidases enzymes activities
Discussion
The ultimate goal of this physiological research was to ascertain whether the ingestion of a raw Beldia bean variety (Phaseolus vulgaris Fig. 2. Ouchterlony double immunodiffusion test showing the reaction between the crude Beldia bean extract (CBBE) and purified PHA (Sigma-Aldrich, Lesquin, France) with the rabbit anti-PHA serum (RAPS). The peripheral wells contained: purified PHA (10 μL, 1 mg/ mL); CBBE: crude Beldia bean extract (10 μL, 100 mg/mL); FECR: fecal extract of control rat (10 μL, 100 mg/mL); FEER: fecal extract of experimental rat (10 μL, 100 mg/mL); CRS: control rat serum (10 μL, neat); ERS: experimental rat serum (10 μL, neat); whereas, the center wells charged with rabbit anti-PHA serum (RAPS, 10 μL, neat); Diffusion allowed for 1 day in a wet chamber at 24°C; n: number of the tested rat. A, B, and C denote the slide. Fig. 3 . Immunoprecipitin studies. Electrophoresis was performed with a 1.5% agarose in veronal buffer, pH 8.6 at 400 V constant current for a period of 50 min. Antibody diffusion was allowed to continue for 20 h at room temperature (ca. 25°C). Troughs contained the rabbit anti-PHA serum (a, RAPS, 10 μL, neat). Antigens wells contained the following: A. Purified PHA (10 μL, 1 mg/mL, Sigma-Aldrich, Lesquin, France); B. crude Beldia bean extract (CBBE, 10 μL, 100 mg/mL); C. Fecal extract of experimental rat (FEER, 10 μL, 100 mg/mL); D. experimental rat serum (ERS, 10 μL, neat); Characteristic immunoprecipitin lines were seen (arrows) in each case.
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Toxicology Reports 5 (2018) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] L.) that is widely consumed in Tunisia, would affect the digestion process in Wistar rat small intestine. In this investigation, no mortality or clinical signs of disease of any rats of experimental group were recorded. The Beldia bean flour suspension (BBFS), prepared at the Intestinal Immunophysiology-Research Unit, Faculty of Medicine of Tunis, is revealed to be somehow nontoxic to rats. The results of hemagglutination test and serological assays (e.g., Ouchterlony double diffusion, immunoelectrophoresis, counterimmunoelectrophoresis, and CI-ELISA) initially highlighted that the sera as well as the fecal specimens from rats treated with BBFS may not contain any trace of PHA. This suggests that the administration of 300 mg daily upon ten days seemed inadequate for PHA to reach the systemic circulation or the fecal materials of rats.
Here, it must be stressed that these results are only preliminary and were obtained within the limits of sensitivity and specificity of each technique used. Therefore, further in-depth investigations should be conducted to bolster them. Additional research may include radio-immunoassay, immuno-PCR, mass balance, Western blot (immunoblot), etc.
Looking for lectins, the systemic circulation has been examined by a number of researchers. For instances, Pusztai and colleagues [44, 45] have shown that an appreciable amounts of intact and fully reactive lectin rapidly appeared in the systemic circulation and in the liver and kidneys after oral exposure of rats to kidney bean lectin. Wang et al. [46] have announced that when humans ate 200 g whole raw peanuts, intact peanut agglutinin (PNA) was detectable in the systemic circulation within 1-4 h. Dietary lectins including both WGA (i.e., wheat germ agglutinin) and PHA have been shown to cross the gastrointestinal barrier rapidly and enter the peripheral circulation [47] .
The complete missing of PHA in the systemic circulation of BBFSgavaged rats implied that the rate of uptake of this lectin in the gastrointestinal tract was negligible than other lectins assayed in the literature. It is generally known that lectin uptake after oral administration has two major components: uptake rate and bioavailability. Uptake rate is controlled partially by the physicochemical properties of the lectin but in many cases it is modified by the diet formulation. Bioavailability is the term used to describe the fraction of the dose that is absorbed into the systemic circulation. It can range from 0 to 100% and depends on a number of physicochemical and clinic factors. Low availability may occur if the lectin has low solubility or concentration (i.e., concentration of phytohemagglutinins (i.e., macromolecules) in contact with the apical membrane of the epithelial cells) [48, 49] . Changing the diet formulation can affect the bioavailability of a lectin and it can also be altered by feed (e.g., standard rodent pellet diet) or the co-administration of other components. For instance, particular sugars can reduce the uptake of lectins, such as N-acetylglucosamine, galactose, and mannose residues, by binding PHAs in the gut [50, 51] . Other factors influencing bioavailability include metabolism by gut flora, the intestinal wall or the liver.
Hemagglutination assay of the current study showed that the fecal extracts of rats fed by gavage with BBFS for 10 days were devoid of any agglutinating activity towards red blood cells group A. This signifies that the feces of these animals may not include the P. vulgaris agglutinins. The results obtained from the present set of experiments, did not support previous findings that the hemagglutinating activity could be detected in the feces of rats after they had been fed raw black beans or kidney beans [52] . In some experiments, feces from rats fed on known amounts of pure lectin were found by rocket immunoelectrophoresis to contain up to 90% of the ingested lectin still fully reactive towards rabbit antilectin antibodies [53] . Using other different kinds of lectins, the studies by Brady et al. [54] showed that biologically intact wheat germ agglutinin (WGA) was detected in ileostomy effluent and fecal collections from human subjects consuming a diet containing wheat germ. Experiments by Kilpatrick and co-investigators [55] demonstrated that rats fed a tomato lectin (LEA)-rich diet passed feces containing serologically detectable tomato lectin.
Since feces reported elsewhere were characterized upon their immuno-hemagglutination reactivities, it is very likely that the phytohemagglutinins (PHAs) were eliminated into the stools, but before day 10 (i.e., material collection day). Our preliminary immunobiochemical studies substantially evidenced the presence of bioactive PHAs in the jejunum and ileum of raw Beldia beans-fed rats [30] . However in the present study, no lectins were found in the feces and sera of animals on day 10 after 3 h of oral intubation. These results, when taken together suggest very strongly that the P. vulgaris lectins are still bound to the glycosylated receptors occurring on the surface of the epithelial cells and have not yet reached neither the systemic circulation nor the fecal material. Hara and his co-investigators offered a similar interpretation and postulated that considerable amounts of the Kintoki bean lectins were bound to the small intestinal mucosa of rat and remained there for a relatively long period [56] .
The behavior of ingested PHA in the gastrointestinal tract can be illustrated by the following scenario: After consecutive oral gavages of the rats with the Beldia bean flour suspension (BBFS), 1. The ingested PHA inertly passes through the esophagus to the stomach lumen. 2. The PHA enters the small intestine and binds to the luminal surface, thereby causing morphological and functional disturbances of the brush border membrane [29] . 3. As a result of the continuous turnover of the [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] epithelium, the attached PHA is shed off together with mature epithelial cells into the lumen. 4. The free PHA is transferred functionally unaltered to the large intestine, and it avidly binds to different components of intestinal tissues (i.e., the next receptor with an appropriate carbohydrate moiety) [57] . 5. Then, the PHA is directly excreted in the feces before day 10. It is noteworthy that most of phytolectins require a well-defined period of time to occur in the feces, depending on their concentration, type (i.e., different isolectins may exist), and nature (i.e., pure or crude), bean variety or cultivar, status of binding sites in the gut lumen (e.g., vacant or occupied), glycosylation state of the gut, pH and temperature in the gastrointestinal tract, etc. For examples, the lectins of Green peas (Pisum sativum) and Kintoki bean (Phaseolus vulgaris) can be recovered from feces only over a period of 24 h of intubation [56, 58] . In the case of Jack bean (Canavalia ensiformis), appreciable amounts of ingested concanavalin A (ConA) could be recovered intact and biologically active from the feces (ca. 90% recovery), 4 days after exposure [59] . Following oral intake in rats, the concentration of lectins from Tepary bean seeds (Phaseolus acutifolius) increased slightly in the feces on day 1 and then sharply on day 3. Afterwards, it declined on day 4 and became insignificant on day 5 [60] . On the basis of these observations and the available scientific literature, it can be logically assumed that the lectins from raw Beldia beans were released into the stools before day 10 and will be ejected again after further feedings (i.e., after day 10). However, in order to ascertain this hypothesis, further careful works remain to be undertaken.
In general, disaccharidase deficiency is clinically characterized by the development of diarrhea, abdominal cramps, and flatulence after the ingestion of diet. The stools are usually frothy or watery in appearance [61] . In this study, the BBFS-treated animals appeared healthy and active, and their fecal pellets were normal, except they were suffering from hydroelectrolytic losses (e.g., water, sodium, and potassium) into the jejunal lumen [29] .
The most striking finding of this investigation is that a chronic treatment of growing rats with 300 mg of raw BBFS for 10 subsequent days was associated with decrease in the specific and total activity of brush border disaccharidases. The specific maltase and sucrase activities (U/mg of protein; U/mg of mucosa) decreased significantly in the jejunum of orogastrically administered-ground raw beans rats (P < .05). However, the specific lactase activity in the jejunum remained virtually unchanged after gavage (P > .05). These results coincide somewhat with the data reported by Roe and his group [62] who stated when male adult rats fed crude red kidney beans (RKB) for 15 days, their intestinal sucrase activities were significantly decreased than those in the control group in all small intestinal segments (e.g., proximal, middle, and distal). However, their lactase activities were declined significantly only in the proximal and middle segments compared with the control group values. Also, Song and coworkers [63] found that the enzymes activities in the small intestinal mucosa such as; sucrase, lactase, aminopeptidase, and alkaline phosphatase were depressed in male adult rats, after receiving red kidney bean (RKB) diet for 2 weeks. On the other hand, the studies by Rådberg et al. [64] clearly showed that the gavage of suckling pigs, by stomach tube a crude red kidney bean lectin preparation at 10, 11, 12 day of life induced a change in small intestinal disaccharidase activities, with increased maltase and sucrase activities. Whereas, the activity of lactase was not significantly changed.
Several general factors, most likely acting in concert, may well be responsible for the variability in the activity of disaccharide hydrolases; such as, the concentration and the nature or type of lectins present in the kidney bean dietary, bean variety, dose or route of administration of lectins, animal species, duration of treatment, and physiological factors (e.g., T°C, pH, etc.).
Different mechanisms may enter into the disaccharidase deficiency encountered in BBFS-challenged animals. The precise mechanism responsible for the impairment in the digestive capacity of gut is still unclear and poorly understood, but seems to be linked with profound ultrastructural and morphological changes in the small intestine and even the intraluminal proliferation of bacteria induced by the ingestion of raw kidney beans.
In connection with our ultrastructural investigations [29] , it was found that when rats were subjected to oral gavage treatment using a 300 mg raw BBFS for 10 days resulted in an extensive disruption of the intestinal microvilli included disorganization of the terminal web. The microvilli were abnormally short and dense or long and thin accompanied with shedding of vesicles derived from the apical brush border membrane. Such disruption would interfere undoubtedly with the disturbances of brush border enzymes activities.
Furthermore, it was evident from our histological and morphometric data [29] that BBFS supplementation has significantly increased the villous height, crypt depth, and crypt depth/villus height ratio (i.e., mucosal hyperplasia) in the jejunum that would increase in turn the surface area for nutrient absorption and digestion. Unexpectedly, it was observed that the water and electrolytes (e.g., sodium and potassium) uptakes were significantly depressed in BBFS-treated rats compared with those of controls. Simultaneously, a depression of jejunal disaccharidases activities was recorded in this in vitro physiological study. Since no obvious injuries were detected in the intestinal mucosa, the pronounced drop in maltase and sucrase activities and the stability of lactase activity could be interpreted as follows: the fast increased turnover of cells in the crypts and the migration of immature cells to the villi could abnormally disrupt the intestinal brush border enzymes synthesis [65] and the process of absorption as well [66] .
Regarding the bacteriological factor, it is well recognized that the inclusion of raw kidney beans (P. vulgaris L.) containing considerable amount of lectins in the diet of rat could lead in a dramatic overgrowth of coliform bacteria mainly type 1-mannose sensitive fimbriated Escherichia coli in the small intestine. This factor plays an essential role in the manifestation of kidney bean toxicity in rats [67] . Indeed, it can adversely affect the digestion and absorption of nutrients [13] . This concurs very well with the results obtained from the current and our previous studies [29, 68] . Bacterial overgrowth of the small intestine appears to involve adherence of sugar binding proteins (lectins) of the microorganism to specific oligosaccharides of the microvillus membrane [69, 70] . Brush border enzyme activities may then be reduced by the action of bacterial proteases and toxins and this may contribute to the malabsorption.
An additional toxic effect of ingested raw Beldia bean variety, which may further reduce the efficiency of sugar digestion, is anti-nutritional factors (ANF). Poor acceptability and digestibility, enzymes inhibitors (e.g., trypsin, chymotrypsin, and α-amylase), and lectins [71] could be responsible, but there is overwhelming evidence that the latter are at least one of the major causes. Since, an extensive mucosal hyperplasia was revealed along the jejunum and ileum of the rat small intestine [29] , the damage noted on the disaccharidases activities could be attributed largely to the potent mitogens (i.e., growth factors); phytohemagglutinins (PHAs) [11] , which were detected in immunologically intact form in the jejunal lumen, 3 h and 30 min after the orogastric gavage with BBFS [30] .
Despite their toxicological drawbacks, kidney beans (Phaseolus vulgaris) containing lectins have several health benefits, if taken carefully. Live human population research and within the laboratory setting investigations demonstrate that the phytohemagglutinins (PHAs) have protective effects against DNA damage [72] [73] [74] , and are potent modulators of immune response [75] , cell growth [76, 77] , and mitosis [78, 79] , and can cause cancer regression [80] [81] [82] . These results further confirm the importance of bean as a functional food due, in part, to the presence of bioactive lectins [83, 84] .
Conclusion
The present investigation provides valuable insights into the impact N. Nciri, N. Cho
Toxicology Reports 5 (2018) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] of chronic ingestion of raw Beldia beans (Phaseolus vulgaris L.) on the brush border disaccharidase activities in Wistar rats, with an in-depth evaluation of underling mechanisms as well as factors of pathogenicity on a molecular and cellular level. After 10 days of dietary exposure, there were no apparent clinical signs of infection. Orogastric intubation studies clearly showed that a significant decrease in maltase and sucrase activities of the jejunal mucosa was generated, but no effect on lactase activity was noted. Serological techniques and hemagglutination assay initially confirmed the absence of phytohemagglutinins (PHAs) in the systemic circulation and feces of rats. However, further experiments are necessary to definitively prove this. The main key finding from this research is when raw or undercooked Beldia bean consumed excessively by animals or humans may induce a staggered loss of disaccharidase activities beginning with the loss of maltase and sucrase activities in the small intestine.
